In the cyanobacterium Synechocystis sp. strain PCC 6803 (Synechocystis 6803) 8-aminolevulinic acid (ALA), the sole precursor for the synthesis of the porphyrin rings of heme and chlorophyll, is formed from glutamate activated by acylation to tRNAGlu (G. P. O'Neill, D. M. Peterson, A. Schon, M. W. Chen, and D. Soll, J. Bacteriol. 170:3810-3816, 1988; S. Rieble and S. I. Beale, J. Biol. Chem. 263:8864-8871, 1988 independently. In addition, the tRNAGI, was always fully aminoacylated in vivo.
anticodon base, 5-methylaminomethyl-2-thiouridine (O'Neill et al., 1988). The two tRNA species had equivalent capacities to stimulate the tRNA-dependent formation of ALA in Synechocystis 6803 and to provide glutamate for protein biosynthesis in an Escherichia coli-derived translation system. These results are in support of a dual role of tRNAGIU. The levels of tRNAGIU were examined by Northern (RNA) blot analysis of cellular RNA and by aminoacylation assays in cultures of Synechocystis 6803 in which the amount of chlorophyll synthesized was modulated over a 10-fold range by various illumination regimens or by the addition of inhibitors of chlorophyll and ALA biosynthesis. In these cultures, the level of tRNAGlU was always a constant fraction of the total tRNA population, suggesting that tRNAGI" and chlorophyll levels are regulated independently. In addition, the tRNAGI, was always fully aminoacylated in vivo.
An abundant supply of aminoacyl-tRNA is vital to ensure optimal protein biosynthesis in response to a cell's changing needs. A long-standing question has been how the level of aminoacyl-tRNA is regulated. This is especially important in cells which have specialized to make preferentially a particular protein or in cells responding to changes in metabolic or environmental conditions. In such cases the steady-state concentration of specific tRNA species and aminoacyltRNA synthetases can be "functionally adapted" to match a new cellular requirement (22, 23) . The best-described example of specialized cells is the Bombyx mori posterior silk gland, which makes fibroin, a protein of very unusual amino acid composition (24) . In the silk gland, the tRNA pool is specifically enriched with tRNA species cognate for the amino acids (e.g., Ala) found in fibroin (26) . It is now known that the higher level of tRNAAla is due to tissue-specific expression of a special tRNAAIa gene (68) . A second situation in which alterations of tRNA concentrations and aminoacyl-tRNA synthetases are made to match cellular requirements is during certain metabolic conditions such as amino acid limitation (14, 42, 61) . No mechanism has been elucidated for this case. We were intrigued by the possibility that functional adaptation of a specific tRNA species and its cognate aminoacyltRNA synthetase may also occur during chlorophyll synthesis for the tRNA-dependent formation of 8-aminolevulinic acid (ALA), the precursor for the porphyrin rings of chlorophyll and heme. As shown in Fig. 1 , there are two wellcharacterized pathways for the formation of ALA (for reviews, see references 6 and 33) . In the Shemin pathway, succinyl-coenzyme A and glycine are condensed to ALA by the enzyme ALA synthase. This route of ALA synthesis is present in mammals, yeasts, and certain procaryotes, includ-* Corresponding author.
ing Rhodopseudomonas and Rhizobium species (12) . A second route of ALA synthesis, the C5 pathway, involves the enzymatic transformation of glutamate into ALA by a multistep, tRNA-dependent mechanism (33) . The C5 pathway, originally detected in the chloroplasts of higher plant (5, 33) and algal (31) species, appears to be present in a wide variety of eubacterial species (3), including Escherichia coli (2, 39, 47) , Bacillus subtilis (47) , and archaebacteria (21) .
ALA formation in Synechocystis sp. strain PCC 6803 (Synechocystis 6803) is remarkably similar to that found in plant and algal chloroplasts (33, 48, 51) . In the first step of the pathway (Fig. 1) , glutamate is esterified to RNAGlU by glutamyl-tRNA synthetase (GluRS). Glutamate is then reduced by Glu-tRNA reductase to yield glutamate-1-semialdehyde. ALA is formed in a final transamination step, catalyzed by glutamate-1-semialdehyde aminotransferase.
We had shown earlier that Synechocystis 6803 has two tRNAGJu species which can be aminoacylated and which support RNA-dependent ALA formation in vitro (48) . The two tRNAGlu species have identical primary sequences but differ in the extent of modification of the first anticodon base, 5-methylaminomethyl-2-thiouridine (48) . The 
MATERIALS AND METHODS
Materials. E. coli tRNA2lu (38) was originally obtained from G. D. Novelli of the Oak Ridge National Laboratory. Uniformly labeled L-'4C-amino acids were obtained commercially. Their specific activities (in millicuries for millimole) are: alanine, 10; arginine, 10; glycine, 98.8; glutamate, 293; isoleucine, 10; leucine, 10; phenylalanine, 485; proline, 10; and serine, 10. The plasmid pTAC101-DHFRwt, which contains the E. coli dihydrofolate reductase (DHFR) gene on a 1,057-bp HindlIl fragment, was obtained from J. Normanly (44) . Gabaculin (3-amino-2,3-dihydrobenzoic hemihydrate), ALA, hemin, levulinic acid, and DE23 and DE52 anionexchange resins were obtained commercially.
Strains, media, and growth conditions. E. coli JP1449 (obtained from J. Lapointe) is a thermosensitive strain containing a thermolabile GluRS (37, 53 j,M); and photoheterotrophically plus levulinic acid (100 ,ug/ml). Cultures (500 ml) containing supplements were inoculated with 10 ml of a saturated culture of Synechocystis 6803 and grown to an A730 -1.0 in 40 h. Extraction and determination of chlorophyll a. Chlorophyll a concentrations were determined as published before (7) from 30-ml portions of Synechocystis 6803 cultures. The cells were pelleted by centrifugation and then extracted in dim light with three 5-ml portions of methanol. The methanol extracts were pooled, and the chlorophyll a content was measured by determining the OD665. The extinction coefficient for chlorophyll a in absolute methanol is 74.5 ml/mg-cm at 665 nm (7) .
Aminoacyl-tRNA synthetase preparations. Partially purified aminoacyl-tRNA synthetase preparations from Synechocystis 6803 and E. coli HB101 were prepared from frozen cell pellets that had been suspended in aminoacylation assay buffer (20 mM tRNA was then eluted with 3 column volumes of 0.14 M sodium acetate (pH 4.5) containing 1.0 M NaCl, followed by recovery of the RNA by ethanol precipitation. For most experiments the tRNA was deacylated by incubation in 20 mM Tris hydroxide (pH 9.0) for 30 min at 37°C. The yield of tRNA was approximately 1 mg of tRNA per g (wet weight) of cells.
The fractionation of Synechocystis tRNAGlu species by RPC-5 reversed-phase chromatography, performed as described previously (48) , yielded four species of glutamateaccepting RNA, and their properties are summarized in Table 1 . Two of these tRNAs (tRNA!llu and tRNA!3lu) were authentic tRNAGlu species, as determined by the sequence of their anticodon, and they had approximately equivalent capacities to support in vitro formation of ALA by Synechocystis 6803 cell extracts (48) . The two other glutamateaccepting species (tRNAM-yn and tRNA!3ln) were identified as tRNAGln species mischarged with glutamate by their ability to act as a substrate in the tRNA-dependent production of Gln-tRNAGln (32) (see also bottom of Fig. 1 ) and by their inability to be aminoacylated with ['4C]Glu by E. coli GluRS (Table 1) . As discussed below, estimates of the glutamateaccepting activity in unfractionated tRNA samples had to be corrected for the occurrence of mischarged Glu-tRNAG n. Aminoacylation assays. Aminoacylation assays were performed,in a 50-,u reaction mix containing 20 mM Tricine-OH (pH 8.0), 10 mM KCl, 5 mM MgCl2, 20% glycerol, 3 mM dithiothreitol, 2 mM ATP, 0.1 to 2.0 A260 units of tRNA, and the appropriate '4C-labeled amino acid at a final concentration of 20 to 50 ,uM. The reactions were started by the addition of S to 30 ,ug of protein of the aminoacyl-tRNA synthetase preparation. After incubation for 15 min at 37°C, the reactions were stopped by spotting the mixtures onto filter paper disks, which were then washed twice for 15 min in 10% trichloroacetic acid, twice for 15 min in 5% trichloroacetic acid, and once for 10 min in ice-cold ethanol. The filters were dried, and the radioactivity was determined by scintillation counting. As noted above, Synechocystis 6803
GluRS mischarges tRNAG'ln with Glu (57) . In order to estimate the fraction of Glu-tRNAGlu versus Glu-tRNAG0n and Gln-tRNAGln, samples of Synechocystis 6803 tRNA which had been charged with ['4C]Glu were extracted with acidic phenol, and the charged tRNAs were separated from free glutamate by three ethanol precipitations. The charged tRNAs were deacylated by suspension in 100 RI1 of aminoacylation assay buffer, mixed with 0.4 ml of 20 mM KOH, and incubated at 24°C for 2 min. The mixture was neutralized by the addition of 81 ,ul of 0.1 M HCl, passed over a small column (0.2 ml) of Dowex-1 resin (preequilibrated with water), and then washed with 3 column volumes of water. At neutral pH, glutamate is bound by the Dowex-1 resin, while glutamine is contained in the flowthrough fraction. The bound glutamate was eluted from the column with 3 column volumes of 0.1 M HCl. The radioactivity in the flowthrough (Gln) and bound (Glu) fractions was determined by scintillation counting. By this method, we determined that in aminoacylation assays (in the presence of an amide donor such as glutamine) in which a Synechocystis 6803 aminoacyltRNA synthetase is used to charge Synechocystis 6803 crude tRNA, approximately 80% of the radioactivity bound to tRNA is glutamate. This method was used to estimate the levels of tRNAGlu in crude tRNA populations.
DNA isolation. Genomic DNA was isolated from Synechocystis 6803 cells as described before (17) . The method involved suspension of the cells in buffer containing 50 mM Tris chloride (pH 7.8), 40 mM EDTA, and 1% SDS, grinding the cells with a mortar and pestle in the presence of liquid nitrogen, and three extractions of the cell homogenate with phenol. The nucleic acids were recovered from the aqueous phase by ethanol precipitation and further purified by centrifugation through a CsCl density gradient containing ethidium bromide (40) . Plasmid DNA from E. coli was prepared by the alkaline extraction method (40) .
Oligonucleotide synthesis and labeling. Two oligonucleotides, based on the Synechocystis 6803 tRNAGlu sequence (48) side of the tRNAGlU gene; and (iii) a second EcoRI site that is located between the EcoRI site in the tRNAGlU gene and the BglII site. The two oligonucleotides, 1214 and C107, described above were also used as DNA sequencing primers to obtain sequence data. Nucleotide sequence analysis was performed with the University of Wisconsin Genetics Computer Group programs (15) and release 62 of the GenBank data base.
Assay for in vitro protein synthesis with a coupled transcription-translation system. Based on earlier work (54) , an in vitro transcription-translation system completely dependent on added, precharged Glu-tRNAGlu was prepared from E. coli JP1449, which has a thermolabile GluRS (37, 53) . The programming template (plasmid pBSK::DHFR) was constructed by cloning the E. coli dhfr gene, contained on a 1,057-bp HindIll fragment (44) , downstream of a T7 RNA polymerase-dependent promoter in the HindIII site of the plasmid pBSK (Stratagene). The dhfr mRNA transcripts were generated by preincubation of the programming plasmid in the presence of purified T7 RNA polymerase. The S30 extract was prepared as described by Nirenberg (43) with the modifications of Chen and Zubay (13) from 8 g (wet weight) of E. coli JP1449 cells (grown at 28°C in Luria broth). The S30 extract was incubated for 60 min at 30°C to allow the endogenous mRNA to be degraded. At 30°C the specific activity of GluRS in the S30 extract was approximately 25% of that found in other E. coli strains, such as HB101 and DH5a. There was no detectable GluRS activity in S30 extracts of JP1449 that had been incubated at 40°C for 5 min. The composition and final concentrations of components in the 0.3-ml transcription-translation reaction mixes were 44 mM Tris-acetate (pH 8.2), 27 mM ammonium acetate, 55 mM potassium acetate, 7.5 mM calcium acetate, 15 mM magnesium acetate, 1.4 mM dithiothreitol, 0.22 mM each of 19 unlabeled amino acids (no glutamate), 2.2 mM ATP, 0.5 mM CTP, 0.5 mM UTP, 0.5 mM GTP, 20 mM sodium phosphoenol pyruvate (pH 7), 27 p.g of pyridoxine hydrochloride per ml, 27 ,ug of NADP per ml, 27 ,ug of flavin adenine dinucleotide per ml, FAD, 27 gxg of folic acid per ml, 4 A260 units of E. coli MRE600 crude tRNA, DNA (15 ,ug of the programming plasmid pBSK: :DHFR), and 0.5 U of purified T7 RNA polymerase. The components of the transcription-translation reaction mix were mixed and incubated for 5 min at 30°C. The S30 extracts were separately incubated at 30 or at 40°C to inactivate the GluRS. Translation reactions were initiated by mixing the buffer with 0.5 mg of S30 extract protein and, where indicated, with either 3 ,uCi of [14C]glutamate (283 mCi/mmol) or 100 pmol (40,500 cpm) of precharged [14C]Glu-tRNA. The reaction mixes were incubated for 1 h at 30 or 40°C, and the reactions were stopped by the addition of 1.0 ml of 5% (wt/vol) trichloroacetic acid. The samples were incubated at 95°C for 20 min in order to hydrolyze any aminoacyl-tRNA and chilled at 0°C for 20 min, and then the precipitate was collected on glass fiber filter disks (Whatman) by vacuum filtration. Each filter was washed three times with 10 ml of 5% (wt/vol) trichloroacetic acid and once with 10 ml of ethanol. The filters were dried, and the radioactivity was determined by scintillation counting.
Nucleotide sequence accession, number. The tRNAGIU gene sequence has been assigned GenBank accession no. M32099.
RESULTS
Synechocystis 6803 chromosomal DNA contains a single tRNAGlu gene. We first wanted to analyze the organization of tRNAGlU genes in Synechocystis 6803. As the two tRNAGlU species from this organism had identical primary nucleotide sequences and differed only in the modification of the first anticodon base, 5-methylaminomethyl-2-thiouridine (48), we synthesized an eikosadeoxynucleotide (identical to the 5'-terminal sequence of the tRNA) as a hybridization probe for Southern blot analysis. This sequence was also chosen because it was dissimilar to other known tRNAs; therefore, nonspecific cross-hybridization should be minimized. Only a single hybridizing DNA fragment could be detected by Southern blotting in all single and double restriction endonuclease digests that were analyzed, indicating that a single copy of the tRNAGlU gene is present in the Synechocystis 6803 genome (Fig. 2) . This gene was contained in a 4.3-kb HindIII-BglII DNA fragment (Fig. 2) , which was isolated by cloning into the HindIII-BamHI sites of pUC19 to yield plasmid pS6TE.
Sequence of the tRNAG"U gene. The location of the tRNAGlU gene within the 4.3-kb fragment was determined by mapping the positions of XbaI and EcoRI restriction sites. The nucleotide sequence of the tRNAGlU (48) predicts that these sites occur in the dihydrouridine and T-pseudouridine loops.
The DNA sequence of a 1,000-bp region around the tRNAGlU gene was determined; the pertinent sequences are shown in Fig. 3 . The complete sequence has been deposited with GenBank (accession number M32099). The coding region is identical to the previously determined tRNAGlU sequence (48) except that the -CCA end of the mature tRNA is not encoded in the gene. Computer analysis revealed putative promoter sequences and also a stringent response element (20, 65) in the 5' flank (Fig. 3) . A rho-independent transcription terminator sequence in the 3' flank of the tRNAGlU gene was identified by the method of Brendel and Trifonov (10) . Sequences capable of forming significant stem-loop secondary structures were found in both the 5'-and 3'-flanking sequences (Fig. 3) . Within the sequenced region, no other tRNA, rRNA, or protein-coding genes could be detected. The putative transcriptional control elements and the lack of other identifiable genes suggest that the tRNAGlu gene is expressed as a monocistronic transcriptional unit. Northern blot analysis of tRNA preparations from E. coli cells transformed with plasmid pS6TE showed that the Synechocystis 6803 tRNAGlu gene was transcribed and processed to form mature-sized tRNAGlu in E. coli (data not shown). However, we do not know whether E. coli accurately processes the 3' end of this tRNA.
Synechocystis 6803 contains a functional excess of GlutRNAGIu under different growth conditions. As Synechocystis 6803 uses Glu-tRNAGlu for porphyrin synthesis as well as for protein biosynthesis we wanted to determine whether the demand for this tRNA during photosynthetic growth is satisfied by normal constitutive expression of its gene or whether expression is upregulated. In order to test this, total tRNA was isolated from Synechocystis 6803 cultures grown under a variety of conditions which lead to greatly varied chlorophyll levels. The culture conditions tested included photoautotrophic growth, photoheterotrophic growth in the presence of glucose, 24-h darkening of the cultures prior to harvesting, and the addition to the cultures of known inhibitors of ALA or chlorophyll biosynthesis, such as hemin (30) , ALA (58), gabaculin (29, 48) , and levulinic acid (4). The levels of chlorophyll a in the various cultures varied over a 10-fold range from 0.002 pg (in gabaculin-treated cells) to 0.024 pg of chlorophyll a per cell (in photoheterotrophically grown cells) (Fig. 4C ). This figure also shows that the relative tRNAGlu levels in the unfractionated tRNA samples stayed constant, as determined by Northern blot analysis with a specific oligonucleotide. Aminoacylation assays confirmed these data ( Table 2 ). The amount of unfractionated tRNA also remained approximately the same under these conditions ( Table 2 ). protein synthesis (35) . Thus, another possible way for the cell to provide sufficient Glu-tRNAGlu for both protein and ALA biosynthesis might be to have a constant excess of uncharged tRNAGlu and to modulate the level of charged Glu-tRNAGlu under different growth conditions. Therefore, we determined the in vivo level of glutamylation in the different tRNA samples. The results in Table 2 show that tRNAGlU was fully charged in vivo under the culture conditions tested. Thus, Synechocystis 6803 normally possesses a functional excess of Glu-tRNAGlu and therefore is able to accommodate increases in the demand for charged tRNA under conditions of chlorophyll synthesis.
Expression of GluRS. Although expression of tRNAGlU does not appear to be coregulated with chlorophyll biosynthesis, we considered that the expression of GluRS, the cognate aminoacyl-tRNA synthetase, may be regulated. It is well known that aminoacyl-tRNA synthetases are regulated by a variety of mechanisms at the transcriptional, translational, and physiologic levels (25) . Therefore, in a parallel experiment to the studies described above, partially purified GluRS fractions were prepared from cultures of Synechocystis 6803 grown under the same conditions which provided the cells for tRNA and chlorophyll a determinations. The relative specific activity of GluRS was twofold higher in extracts from photoheterotrophically grown cultures than in extracts that had been prepared from cultures which had been darkened for 24 h prior to harvesting (Table 2 ). However, GluRS activity was not related to chlorophyll concentration ( Table 2 ). Substantial decreases in GluRS activity were observed in cultures that had been incubated in the dark or treated with gabaculin. This effect is most likely the result of the metabolic regulation of GluRS in Synechocystis 6803. Metabolic regulation, which affects all E. coli aminoacyltRNA synthetases examined to date, is a growth rate-linked control mechanism; a two-to threefold increase in synthetase level accompanies a fivefold increase in the growth rate (25) . In our studies, the substantially lower growth rates in the darkened and gabaculin-treated cultures (21 and 26%, respectively, of that of photoheterotrophically grown cells) most likely led to a general reduction in aminoacyl-tRNA synthetase expression.
Both Synechocystis 6803 tRNAG"' species can participate in protein biosynthesis. As there is only one tRNAGIU gene encoded in the Synechocystis 6803 genome, the same gene must provide tRNA that functions in both protein and ALA biosynthesis. As two tRNA species are formed (48) , it is possible that differences in tRNA modification may lead to preferential use of one of the species for protein or ALA biosynthesis. To test this, we examined the ability of the two purified, precharged Synechocystis 6803 tRNAGlU species to provide glutamate for protein synthesis in an in vitro transcription-translation system. For this experiment we chose the heterologous E. coli system (i) because of the ability to make this extract totally dependent on added, precharged Glu-tRNA and to use a defined mRNA and (ii) to circumvent the complications resulting from the ability of the Synechocystis 6803 GluRS to charge tRNAGln in addition to tRNAGlu (57) . These criteria cannot be met with the crude homologous Synechocystis 6803 system used earlier (56) (see Discussion). In order to eliminate the formation of GlutRNA during the experiment, the cell extract was prepared from E. coli JP1449, which contains a thermolabile GluRS as a consequence of the gltX mutation (37, 53) . After incubation of this extract at 40°C, glutamate incorporation into proteins depends solely on added Glu-tRNA. Thus, the two Synechocystis 6803 Glu-tRNAGlu species can be tested for their ability to function in protein biosynthesis. The cell extract was programmed with the E. coli dhfr gene (see Materials and Methods). The DHFR protein has 12 glutamate residues in its 159-amino-acid sequence (59) .
As shown in Table 3 , there was only negligible incorporation in the absence of added tRNA. Protein synthesis proceeded well in the presence of tRNA and glutamate at 30°C, but at 40°C the incorporation was reduced to 2% of the level observed at the lower temperature. This demonstrates that heat inactivation of the thermolabile mutant GluRS eliminates the protein-synthetic ability of the extract. At the nonpermissive temperature of 40°C and at 30°C, precharged b Aminoacyl-tRNA was extracted and purified at pH 4.5 as described in Materials and Methods. One-half of the sample was deacylated by incubation at pH 9. Both aminoacylated and deacylated tRNA samples were assayed for glutamate acceptance. Total Glu acceptor tRNA (Glu-tRNAGiu and Glu-tRNAGln) was determined with Synechocystis 6803 GluRS. Total tRNAGIU was determined by glutamylation with E. coli GluRS.
cAminoacyl-tRNA synthetase extracts were prepared as described in Materials and Methods; 5 ,ug was used per assay. One unit of GluRS activity is equal to the amount of protein which forms 1 pmol of Glu-tRNA during 15 min of incubation at 37°C. (34, 65) . In E. coli, copies of the tRNAGlu genes are contained in several rRNA operon genes encoding 16S and 23S rRNAs (20) . In B. subtilis, tRNAGlu genes are found in multimeric operons which code for up to 20 tRNAs (65). To date, only two cyanobacterial tRNA genes (for tRNAAla and tRNAIle) in Anacystis nidulans have been cloned, and their location in the spacer region between the 16S and 23S rRNA genes resembles the arrangement of the corresponding genes in E. coli and B. subtilis (63, 66) . trnE genes have been isolated from cyanelles and from algal and higher-plant chloroplasts; in several cases the trnE gene was shown to be cotranscribed with other tRNAs (8, 19, 27, 28, 36, 45, 46, 49, 50) . As in the case of Synechocystis 6803, the trnE gene is present in a single copy in the genomes of cyanelles and of algal and higher-plant chloroplasts.
Although a detailed analysis of transcription initiation and termination in cyanobacteria is not available, sequence analysis of cloned cyanobacterial genes (62, 67) indicates that transcriptional control elements in cyanobacteria are similar to those in E. coli and B. subtilis (41) . The putative transcriptional signals of the Synechocystis 6803 tRNAGlu gene are nearly identical to the characteristic -35, -10, and stringent-response sequences found in B. subtilis tRNA genes (65) . Interestingly, the Synechocystis 6803 -35 site is located in a sequence that is capable of forming a stable stem-loop structure. Such a structure may be required for interaction with a regulatory protein (41) , while the stemloop structure in the 3' end of the gene is characteristic of rho-independent procaryotic terminators (20, 41, 65) .
Chlorophyll and tRNAGIU biosynthesis are not coregulated. The aim of this study was to investigate possible ways that Synechocystis uses to cope with the demand for tRNAGlu for protein biosynthesis and for ALA formation. We chose to search for coregulation with chlorophyll biosynthesis because it has been suggested that there is feedback inhibition of ALA formation by chlorophyll precursors (reviewed in reference 6). Although in cyanobacteria the major tetrapyrrole end product is phycocyanobilin (6), there is no reported link between the regulation of phycocyanobilin synthesis and ALA formation in these organisms. As a matter of fact, phycocyanobilins and chlorophyll are biosynthesized by different routes; the synthesis of phycocyanobilins follows the same route as for hemes. The biosynthesis of the two latter molecules is probably regulated independently from that of chlorophyll (6) .
We have shown that both Synechocystis 6803 tRNAGlu species involved in ALA biosynthesis also function in protein biosynthesis. This conclusion was reached in an experiment with the heterologous E. coli system. Although a homologous system had been used before for this purpose, we decided to use the E. coli system because of deficiencies of the homologous system (56) . In contrast to the Synechocystis cell extract, the E. coli preparations could be made completely dependent upon added charged Glu-tRNA (by using an extract from a strain carrying a temperaturesensitive GluRS; see Materials and Methods) and programmed with a defined mRNA template. In addition, we VOL. 172, 1990 used purified Synechocystis tRNAG"U which had been separated from tRNAGI' by chromatography and electrophoresis (see Materials and Methods); in this way we excluded glutamylation of tRNAGln (57 
